Abstract. The clinical application of natural products derived from traditional Chinese medicine has gained attention in cancer chemotherapeutics. Echinacoside (ECH), one of the phenylethanoids, isolated from the stems of Cistanches salsa (a Chinese herbal medicine) has tissue-protective and anti-apoptotic effects on the central nervous system. However, it remains largely elusive whether ECH possesses tumor suppressive activity. In the present study, it was demonstrated that ECH can markedly inhibit the proliferation of pancreatic adenocarcinoma cells by inducing the production of reactive oxygen species and the perturbation of mitochondrial membrane potential and thus triggering apoptosis. Furthermore, it was elucidated that ECH represses tumor cell growth through modulating MAPK activity. In conclusion, this study reveals an novel function of ECH in preventing cancer development, and implies that the usage of ECH could be a potential chemotherapeutic strategy for cancer.
Introduction
Cancer is a life-threatening disease and one of the leading causes of mortality worldwide. Cancer cells are characterized by inhibited apoptosis, uncontrolled growth and proliferation, and metastasis (1) . The development of cancer, often initiated by genetic alterations, is a complex process that involves interactions between oncogenic proteins and tumor suppressors forming an intricate signaling network. For example, the oncogene Myc has been found to be amplified or overexpressed in various types of cancer and the Myc-encoded oncoprotein can promote tumorigenesis by driving cell cycle progression, stimulating cell growth and inducing angiogenesis (2) . However, the Myc-triggered oncogenic signals can activate the p53 tumor suppressor pathway via the induction of the tumor suppressor, ARF that mitigates the oncogenic E3-ligase mouse double minute (MDM)2-mediated p53 degradation (3) . This is an auto-regulated, self-protective mechanism that prevents cells from malignant transformation. Notably, p53 can repress Myc activity by transcriptionally activating, for example, miR-145 which targets Myc mRNA for translation silencing (4, 5) , thus forming a negative feedback regulatory loop.
The most straightforward and effective strategy to treat cancer is to kill the cancerous cells. The commonly used anticancer drugs, such as cisplatin (6) , actinomycin D (7) and adriamycin (8) are shown to inhibit tumor growth by promoting apoptosis. Recently, growing evidence has demonstrated that a number of natural products and derivatives from plants, particularly from medicinal plants used in traditional Chinese medicine (TCM), exhibit a tumor suppressive function by inducing the apoptosis of cancer cells and have potential for clinical application in cancer therapy (9) . For instance, the natural anthraquinone emodin isolated from the TCM, Radix rhizome Rhei, can suppress the growth of numerous types of cancer cells (10, 11) . Camptothecin, derived from the Chinese 'happy tree', Camptotheca acuminate, is a valuable natural product that inhibits the ligation of DNA following topo I-mediated strand breaks (12) . In another retrospective population-based cohort study of a total of 729 patients with advanced breast cancer, it was suggested that TCM therapy can contribute to cancer treatment. Of this cohort, 115 patients were TCM users while 614 patients did not use TCM. The multivariate analysis demonstrated that, compared with non-users, the use of TCM was associated with a significantly decreased risk of all-cause mortality (13) . All the aforementioned findings indicated that TCM is an important complementary and alternative medicine that can be used in the treatment of cancer.
Echinacoside (ECH) is a phenylethanoid isolated from the stems of Cistanches salsa, a Chinese herbal medicine, which is an important crude drug used as an antisenium and antifatigue agent (14) . It has been found that several phenylethanoids possess free radical scavenging properties and protect against oxidative stress-induced toxic injuries (15) . In addition, more biological properties of ECH have since been elucidated. For example, ECH can rescue the increased levels of inflammatory cytokines and improve lung histopathological abnormalities in mice with acute lung injury (16, 17) . Also, ECH has been shown to have protective effects on nerve tissue and improve behavioral disorders in murine models of Parkinson's disease (18) . Notably, it has been found that ECH promotes cell proliferation and inhibits apoptosis in the mouse intestinal epithelial MODE-K cells (19) . Thus far, however, less attention has been paid to the potential role of ECH in cancer prevention.
In this study, it was explored whether ECH treatment affects tumor cell growth and proliferation, and whether ECH induces apoptosis, elevates the production of reactive oxygen species (ROS) and reduces mitochondrial membrane potential (MMP), and consequently suppresses tumor cell growth. Furthermore the present study aimed to identify the molecular mechanisms responsible for ECH-mediated cell growth inhibition.
Materials and methods
Cell line, reagent and antibodies. SW1990 pancreatic adenocarcinoma cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 50 U/ml penicillin and 0.1 mg/ml streptomycin at 37˚C in a 5% CO 2 humidified atmosphere. ECH was purchased from Jrdun Biotechnology Corp. (Shanghai, China). Antibodies against AKT, P-AKT, ERK, P-ERK, JNK, p-JNK, P38, p-P38 and GAPDH were purchased from Cell Signaling Technology (Danvers, MA, USA); anti-Bax and anti-Bcl-2 were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA); and anti-Caspase-3 was purchased from Abcam (Shanghai, China).
Cell viability assay.
To assess the rate of tumor cell growth, Cell Counting kit-8 (CCK-8; Dojindo Molecular Technologies, Rockville, MD, USA) was used according to the manufacturer's instructions. Cell suspensions were seeded at 5,000 cells per well with ECH treatment for 0, 12, 24, 48 or 72 h in 96-well culture plates. Cell growth inhibition was determined by adding WST-8 reagent from the CCK-8 kit at a final concentration of 10% to each well, and the absorbance of the samples was measured at 450 nm using a microplate reader (Multiskan MK3; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Hoechst 33342 staining. Cells (60% confluence) were treated with Hoechst 33342 (Beyotime Institute of Biotechnology, Haimen, China) at a final concentration of 1 µg/ml, incubated in 37˚C incubator for 15 min, washed with phosphate-buffered saline twice, fixed in 4% paraformaldehyde for 30 min at room temperature, and mounted onto slides. The morphological changes of the cell nuclei were observed under a fluorescence microscope (Olympus BX51, Melville, NY, USA). The normal nuclei were round and stained light blue, while the apoptotic nuclei were shrunken and stained bright blue.
Fluorescence-activated cell sorting (FACS) analyses.
For the assessment of apoptosis, the fluorescein isothiocyanate (FITC)-Annexin V Apoptosis Detection kit (BD Biosciences, Shanghai, China) was used according to the manufacturer's instructions. Briefly, 5x10 4 cells were washed with ice-cold PBS, resuspended in 0.1 ml binding buffer (Beyotime Institute of Biotechnology), and stained with 10 ml of FITC-conjugated Annexin V (10 mg/ml) and 10 ml propidium iodide (PI) (50 mg/ml). Following incubation for 15 min at room temperature in the dark and addition of 400 ml binding buffer, the cells were analyzed by a flow cytometer (C6; BD Biosciences, Shanghai, China).
Measurement of reactive oxygen species (ROS).
To evaluate the production of ROS, the Reactive Oxygen Species Assay kit (Vigorous Biotechnology, Beijing, China) was used according to the manufacturer's instructions. Briefly, cells (80% confluence) were harvested and washed with PBS prior to staining with the dihydroethidium (DHE) solution (Beyotime Institute of Biotechnology). Cells were then analyzed by flow cytometric analyses.
Measurement of mitochondrial membrane potential (MMP).
A tetramethylrhodamine methyl ester (TMRM) Assay kit (ImmunoChemistry Technologies, Bloomington, MN, USA) was used to detect the changes in MMP. Briefly, cells (80% confluence) were harvested, washed with PBS and stained with TMRM for 15-20 min in a 37˚C incubator. Cells were then washed once with PBS and subjected to flow cytometric analyses.
Immunoblotting analyses. The cells (80% confluence) were harvested and lysed in RIPA buffer (Jrdun Biotechnology) consisting of 50 mM Tris-HCl, pH 7.4; 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholic acid and 0.1% SDS and freshly added proteasome inhibitors. Equal quantities of clear cell lysate were used for immunoblotting analysis as described previously (20) .
Statistical analysis. Quantitative data are expressed as the mean ± standard deviation. Statistical differences were evaluated by unpaired Student's t-test using statistical SPSS 15.0 software. P<0.05 was considered to indicate a statistically significant difference.
Results

ECH suppresses tumor cell growth.
Although it has been reported that ECH exhibits a protective role by inhibiting apoptosis and inflammatory signals in somatic cells, such as neuronal and intestinal epithelial cells (16) (17) (18) (19) , it remains elusive whether ECH controls cancerous cell growth and proliferation. To test this, a cell survival assay was conducted by treating SW1990 cells, derived from a grade II pancreatic adenocarcinoma, with titrated doses of ECH as shown in Fig. 1 . Notably, it was demonstrated that ECH significantly retards tumor cell proliferation in a dose-dependent manner during a 5-day culture period (Fig. 1) .
ECH triggers apoptosis.
As loss of apoptosis is one of the major causative mechanisms underlying the uncontrolled proliferation of pancreatic cancer cells (21), the present study performed a set of experiments to determine whether ECH (Fig. 2A) . Additionally, FACS analyses was conducted using Annexin V/PI staining to further confirm the apoptotic effect of ty ECH (Fig. 2B) . The average percentage of apoptotic cells was 1.1% under normal culture conditions, while this percentage significantly increased to 10.6, 21.4 and 51.3% in response to ECH treatment in a dose-dependent manner (Fig. 2C) . These results, together with the cell viability assay shown in Fig. 1 , demonstrate that ECH treatment suppresses the proliferation of tumor cells by triggering apoptosis.
ECH prompts the production of reactive oxygen species (ROS).
Several cancer chemotherapeutic drugs, such as doxorubicin and cisplatin, have been shown to be potent generators of ROS which are crucial role in apoptosis induction under physiological and pathological conditions (22) . Thus, it was investigated whether ECH treatment could also regulate ROS production. To test this, DHE, which can be oxidized to generate ethidium that intercalates with DNA, was used in this study to evaluate ROS production. It was found that, like other anticancer drugs, ECH also stimulates ROS production in a dose-dependent manner as shown by the elevated fluorescence intensity upon ECH treatment (Fig. 3) .
ECH reduces MMP. Mitochondrial dysfunction has been
shown to be implicated in the induction of apoptosis. Opening of the mitochondrial permeability transition pore has been demonstrated to induce the depolarization of the transmembrane potential and the release of pro-apoptotic factors (23) . Therefore, it was tested whether ECH could induce loss of MMP in tumor cells by performing a TMRM assay, which is a well-established approach, as the intensity of TMRM fluorescence is proportional to the membrane potential. It was demonstrated that ECH treatment significantly reduces MMP in a dose-dependent manner (Fig. 4) .
ECH controls tumor cell growth via mitogen-activated protein kinase (MAPK), but not AKT, signals.
To further investigate the molecular basis of ECH-mediated tumor cell death, the activity of several vital signaling pathways, such as MAPK and AKT (24, 25) , which control cell survival and death was examined. The MAPKs are evolutionarily conserved, proline-directed Ser/Thr protein kinases, including extracellular signal-regulated kinases (ERKs), c-Jun NH 2 -terminal kinase (JNKs) and the p38 family members which are activated through three-tier kinase signaling cascades (26, 27) . In this study, the expression of MAPKs and AKT, as well as their activated phosphorylated forms, was assessed and it was revealed that ECH markedly suppresses JNK and ERK1/2 activity, but enhances p38 activity (Fig. 5) . Notably, it was demonstrated that AKT activity, which is also critically important for cell proliferation, is not affected by ECH treatment (Fig. 5) . In addition, it was shown that ECH treatment elevates the expression of Bax and Caspase-3 whilst reduces Bcl-2 expression (Fig. 5) , which is consistent with Fig. 2 . Thus, the results indicate that ECH triggers tumor cell apoptosis via the MAPK pathway.
Discussion
To the best of our knowledge, this is the first study to show that ECH has a tumor suppressive function by triggering apoptosis (Fig. 2) , promoting ROS production (Fig. 3) and inducing mitochondrial membrane potential depolarization (Fig. 4) , consequently leading to tumor cell growth inhibition (Fig. 1) . Furthermore, the molecular basis of ECH-mediated tumor cell death was shown to occur by regulating MAPK signaling pathways (Fig. 5 ). These findings demonstrate a novel function of ECH in preventing tumorigenesis and thus suggest that it may be a candidate agent for cancer therapy.
The majority of anticancer drugs can induce tumor cell apoptosis, senescence and/or cell cycle arrest, which leads to inhibition of tumor cell growth and proliferation. Cell cycle arrest is a cellular response to mild stress signals that allow cells to repair damaged DNA prior to initiating replicative DNA synthesis or mitosis, whereas apoptosis and senescence (permanent cell cycle arrest) occur in response to stress signals that eliminate irreparable or malignant cells (28, 29) . Therefore, only the apoptotic effect of ECH on tumor cells was assessed in this study, as killing cancerous cells is a major criterion for evaluating the potency of an anticancer agent. Notably, it was demonstrated that ECH induces the expression of Bax (Fig. 5) , a pro-apoptotic gene, transcriptionally activated by the tumor suppressor p53 (30) . Thus, it is worthwhile to test whether ECH can activate the p53 signaling pathway. If so, ECH may also be able to elicit p53-dependent cell cycle arrest, senescence, apoptosis or autophagy. In this study, the tumor suppressive function of ECH in the SW1990 pancreatic adenocarcinoma cell line was elucidated. However, further studies observing more pancreatic cancer cell lines, are required. It has been shown that mutations in the oncogenic protein RAS and the tumor suppressor p53 are associated with the development of pancreatic cancer (31); however, the SW1990 cell line does not harbor any p53 mutation, according to the IARC p53 database (http://p53.iarc.fr/CellLines.aspx). Hence, it is important to investigate whether ECH can affect the growth and proliferation of other pancreatic cancer cell lines with different p53 mutations. Additionally, it would be interesting to determine whether ECH is able to promote apoptosis and inhibit the growth of other types of tumors.
ROS elevation and MMP reduction, which were caused by ECH treatment, have been shown to be essential in apoptosis induction (22) . In addition, it has been found that ROS can induce the oxidation of the mitochondrial pores contributing to the release of cytochrome c, an intermediate in apoptosis, due to disruption of the MMP (22) . Thus, it remains to be determined whether ECH disrupts MMP indirectly through induction of ROS. Moreover, ROS-elicited oxidative stress has also been shown to be involved in modulating a myriad of cell-growth controlling signals, including p53, NF-κB, HIFs and PI3K (32) . It remains to be determined whether and, if so, how ECH regulates these important signaling pathways. Notably, oxidative stress causes various neurodegenerative diseases due to the high oxygen consumption, weak antioxidative systems and terminal-differentiation characteristics of the central nervous system (33) . However, several studies have shown that ECH has protective and anti-apoptotic effects on nervous tissue. In this regard, it is reasonable to hypothesize that ECH may reduce ROS production in the terminal-differentiated neural cells. Therefore, it also remains to be determined whether the regulation of ROS production by ECH is dependent on the cell differentiation status. Hence, the present results together with other studies reveal that ECH, the widely used TCM, can be an important chemotherapeutic strategy not only for the treatment of neurodegenerative diseases but also malignant carcinomas.
Recently, using TCM in cancer therapy has gained increasingly more attention. The potential of natural products from medicinal plants used in TCM has been recognized by the scientific community even in the western world (9) . Efforts are required to elucidate the underlying mechanisms of action of these natural products, which may eventually lead to the development of efficient and safe medicines for cancer therapy.
In conclusion, the present study demonstrated the tumor inhibitory function of ECH and also elaborates the molecular basis of ECH-mediated tumor suppression, thus suggesting the potential clinical application of ECH in cancer therapy.
